This study determined the influence of thermocycling (TC) and flowable composite on microtensile bond strength (MTBS), crack formation and mechanical properties of the bonding interface using swept-source optical coherence tomography (SS-OCT) and nanoindentation. MTBS test beams prepared from human dentin bonded with self-etch adhesive and hybrid composite with or without flowable lining were aged for either 0 or 10,000 thermocycles, resulting in 4 groups of specimens according to the placement technique and TC (n=10). 2D images were obtained before and after MTBS test to detect crack at interface using SS-OCT. Hardness across resin-dentin bonding area were measured using nanoindentation. Two-way ANOVA showed that flowable lining significantly increased MTBS (p<0.05). TC significantly increased crack percentage in composite while there was no significant difference in dentin crack. Moreover, TC significantly affected the hardness of dentin and resin composites (p<0.05). SS-OCT is effective in detecting internal fracture in substrate.
INTRODUCTION
The clinically popular methacrylate-based resin is challenged by the intermittent or continuous exposure of complex functional and parafunctional stresses in the oral cavity, affecting the integrity of the toothbiomaterials interface leading to the eventual loss of retention. Among various attempts to improve the bonding quality, flowable lining technique is reported to provide a resilient layer between the resin and substrate as a stress breaker and adaptation promotor 1, 2) . Self-etch adhesive has been considered as gold standard for clinical use thanks to its acidic functional monomer together with its hydrophilic etching primer and hydrophobic bond in two separate application steps, contributing to effectiveness of sealing 3) . However, in spite of the critical improvement of adhesive systems yielding excellent immediate bond strength, concerns have been raised about their stability because degradation could occur rapidly within 6 months 4) and the mean service life of tooth-colored restoration was reported to be merely 5.7 years 5) . The degradation in dentin bonded interface could cause undesirable clinical effects, such as marginal staining, post-operative sensitivity and secondary caries. Different types of bond degradation have been applied for laboratory to assess adhesion durability and thermocycling (TC) is one of the most validated methods 6, 7) . Immersion of the specimen in water of extreme temperature in TC can cause the accelerated chemical hydrolysis at resin-tooth interface and the repetitive stress of contraction/expansion 6) .
The water absorption influences the mechanical properties of the resin by hydrolytic deterioration 8, 9) . However, a gradient of hardness in resin-dentin interdiffusion zone could have the strain capacity of stress relief between the polymerization shrinkage of composite and rigid dentin substrate, facilitating interfacial bonding quality 10) . The effect of TC on mechanical behavior of this interface area associated to the bonding performance and internal damage on the substrate was not conclusively investigated. This could be partly owing to the limitation of conventional laboratory for fractography imaging. Hence, a non-invasive modality would be needed for the research purposes.
Optical coherence tomography provides depthresolved images generated from light-scattering media in the nondestructive way without sectioning or irradiating the sample using near-infrared light. This method allows the evaluation of micro-structures and damages in porous media 11) . In dentistry, it is an effective tool to detect crack at substrate 12, 13) . It was reported that the interfacial cracks in dentin on debonded specimens after microtensile bond strength (MTBS) test were observed under SS-OCT in forms of white dots and clusters and closely confirmed by confocal laser scanning microscopy. Abrupt stress produced from crosshead speed of 10 mm/min in tensile apparatus induced the increase in cracks 14) . Therefore, the objective of this study was to determine the influence of TC and flowable composite on MTBS, crack formation and mechanical properties of the bonding interface using swept-source optical coherence tomography (SS-OCT) and nanoindentation. The null hypotheses were that TC and usage of flowable lining technique did not significantly affect MTBS, crack and hardness in the groups.
MATERIALS AND METHODS

OCT systems
Swept-source OCT (IVS-2000, Santec, Komaki, Japan) was used to monitor the interfacial cracks of specimens after TC and after MTBS test. It is a Fourier domain technique incorporating a hand-held scanning probe with a power of less than 5 mW which lies within the safely limit defined by American National Standards Institute. The light source in this system sweeps the wavelength from 1,260 to 1,360 nm at the rate of 20 kHz. The optical resolution is 20 μm transversally and 12 μm axially in air corresponding to 7 μm in tissue assuming a refractive index of about 1.5. The laser scans the area of interest in X and Y dimension. The backscattered light from the sample is returned to the system, digitized in time scale and analyzed to reveal the depth information of the subject.
Specimens preparation
Thirty-six caries-free human premolars were obtained under the guidelines Institutional Review Board of Tokyo Medical and Dental University, Human Research Ethics Committee with the patient's informed consent. The teeth were stored frozen at −20° for disinfection before keeping in thymol solution. The buccal surfaces of the teeth were exposed by a model trimmer (Y-230, Yoshida, Tokyo, Japan) and polished by 600-grit silicon carbide (SiC) paper. For MTBS test, twenty-four teeth were randomly divided into two groups of twelve each according to the placement technique. For the first group (NF group), self-etch primer of Clearfil SE Bond (Kuraray Noritake Dental, Tokyo, Japan) was applied on the flat dentin for 20 s, gently air-dried of solvent and a layer of adhesive was applied on the primed surface followed by mild airflow and cured with a halogen light curing unit (Optilux 501, Kerr, Orange, CA, USA; 600 mW/cm 2 intensity). A single increment of hybrid composite of Clearfil AP-X (Shade A2, Kuraray Noritake Dental) was applied. For the second group (F group), an intermediate flowable composite layer (Estelite Flow Quick, Tokuyama, Japan) was applied between adhesive and the resin. Each composite layer was separately light cured by the same curing unit for 20 s. The composites and adhesive used and their compositions are listed in Table 1 . The SS-OCT system was utilized to standardize the preparation of dentin discs without enamel remnants and exposed pulp chamber as well as the uniform thickness of the flowable composite of 0.5 mm (optical).
After storage of 24 h at 37 o C in water, the specimens were sectioned perpendicular to the adhesive-tooth interface using a slow-speed diamond saw (Isomet, Buehler, Lake Bluff, IL, USA) under water coolant to produce MTBS beams (0.9×0.9×6 mm). From twelve premolars per group, twenty beams (one to two beams derived from one tooth) were prepared.
TC procedure
Half of the specimens in each group were subjected to the same TC regimen of 10,000 cycles (F-TC and NF-TC) in which they were fatigued between 5 and 55°C with a dwell time of 30 s in each temperature, and a transfer time of 2 s between baths (Cool Line CL200 and Cool Mate TE200, Yamato Scientific, Tokyo, Japan) while the other half were subjected immediately to MTBS test after cutting procedure (F-no TC and NF-no TC group).
MTBS test
The ends of each specimen were glued to a testing jig by a cyanoacrylate glue (Zapit, Dental Venture of America, Corona, CA, USA) and the MTBS test was performed using table-top testing machine (EZ Test, Shimadzu, Kyoto, Japan) with a crosshead speed of 1 mm/min. The MTBS value in MPa was conveyed from dividing the imposed force at the fracture time by the surfaces of the cross-sectional area of each beam measure by a digital caliper (CD15, Mitutoyo, Kawasaki, Japan). The experiment design is illustrated in Fig. 1 .
Fractography with SS-OCT
Before and after TC procedure, the resin-dentin interfaces of beam in the designated groups were observed under OCT by placing each horizontally on the micrometer head stage with the laser scanning beam perpendicular to the lateral sides of the beam to obtain B-scans sections.
After tensile fracture, the interfaces of debonded specimens including resin composite and dentin parts were evaluated by positioning in the similar manner as before bond test to detect their optical change. Specimens were also oriented vertically where the laser was projected at 90° to the interface and four central cross-sectional images were acquired at 0°, 45°, 90° and 135° planes across the beam for crack quantification and analysis ( Fig. 1 ).
2D OCT raw tomograms were imported to ImageJ software (National Institutes of Health, Bethesda, MD, USA). The subsurface crack extent was measured using a custom plugin which recognized pixels with brighter highness in shape of white clusters and lines which designated cracks at debonded interfaces. The region of interest (ROI) was selected as a rectangle below the interface using the whole width of the specimen reaching up to 0.5 mm (optical) depth, covering all the white clusters, excluding the specimen surface. The pixel values within the ROI were ranked by the software plugin where the top 10% ranked pixels were selected. The measurement of crack percentage at each scans was performed automatically by the plugin based on the distribution of these pixels over ROI.
Mode of failure and OCT findings confirmation
The mode of failure was evaluated using the confocal laser scanning microscope (CLSM-1LM21H/W, Lasertec, Yokohama, Japan) and classified as one of the following patterns: cohesive failure through resin, adhesive failure between resin and dentin, cohesive failure in dentin, mixed failure (adhesive/cohesive fractures). Representative fractured specimens from each group were examined by scanning electron microscope (SEM, JEOL, Tokyo, Japan).
Furthermore, for the confirmation of cracks' presence in debonded beams, representative beams of each group were embedded into epoxy resin (Buehler) with the lateral sides being polished using a polishing machine (ML-160A, Maruto, Tokyo, Japan) with #2000grit SiC papers, followed by diamond pastes with particles sizes down to 0.25 μm under running water. The corresponding interfacial location as central OCT cross-section was physically reached and observed under CLSM at magnification levels of ×250 and ×500.
Nanoindentation and SEM observations
Nanoidentation experiment proceeded to support the fractographic findings. Ten teeth were used for the mechanical properties evaluation of resin-dentin bonding area. The specimens were produced in the intention of group division into four groups of F-no TC, F-TC, NF-no TC, and NF-TC similarly to MTBS test. The two central 2 mm-thick slabs were obtained from each tooth restored with or without flowable lining by cross-sectioning perpendicularly to the resin-dentin bonding interface using low-speed diamond saw under water cooling. One slab was subjected to 10,000 thermal cycles. To limit the discrepancy of dentin and resin topography in one tooth, the slab surfaces chosen for nanoindentation experiment were drawn from one cut. The cross-sectional surfaces were fine-polished sequentially to create a uniformly smooth surface suitable for nanoindentation study. The polishing debris and paste were ultrasonically removed for 7 min each. CLSM was used to inspect the integrity and quality of polished specimen during the procedure. In this manner, five slabs were prepared for each experimental group. The mechanical parameters of each substrate layer, namely dentin, hybrid composite and flowable composite were obtained and compared between groups with and without TC with a total of 40 indents over the entire length on each slab of four groups, with the 100 μm axial spacing between two indents rows. The first line of indentation in dentin was set within 10 μm from the interface at the force of 10 mN at 0.5 mN/s loading rate, while within the resin layer (flowable lining and hybrid composite), the maximum force was 100 mN reached at 10 mN/s loading rate 10) .
Nanoindentation was performed using a Berkovich diamond indenter attached to a nanoindentation device (ENT-1100a, Elionix, Tokyo, Japan) to explore the mechanical properties change at the interface. The nanoindentation software analyzed the data and calculated hardness by dividing the maximum force by the projected area and then converted to MPa: H M=P/AP, where AP is the projected area under the maximum load (P). The morphological structures of the filler and matrix surfaces were examined to compare their conditions with and without thermal stresses. Additional slabs drawn from 2 teeth prepared in the similar manner as in nanoindentation to be representative of NoTC and TC groups were sputter gold-coated and observed under SEM at magnification up to ×5,000.
Statistical analysis
As the distribution of data in each group was normal (Kolmogorov Smirnov p>0.05), parametric tests were performed. The MTBS, crack percentage and nanoindentation hardness values were analyzed using two-way ANOVA with the placement technique and thermocyclic treatment as factors after checking the assumptions for univariate model. The statistical procedures were performed at 0.05 significance level using IBM SPSS Statistics 23 Software (Chicago, IL, USA).
RESULTS
The mean MTBS and the mode of failure were graphically presented in Fig. 2a and b . No pre-testing failure occurred during the beams preparation and TC. TC did not affect the bond strength, while the groups using flowable composite showed significantly higher bond strength compared to ones without lining (p<0.05).
Under OCT, the baseline bonding interface of the specimens before thermal challenge and MTBS test was not compromised as presented in Fig 3a. After mechanical fracture, OCT disclosed cracks in both dentin and composite parts, manifested in clusters with higher brightness intensity. The patterns of crack in dentin are dots and short lines located below surface (Fig. 3b, c) , while composite cracks are shaped in longer lines starting from the surface of the debonded specimens (Fig. 3e, f) . Those patterns are closely confirmed by CLSM ( Fig. 3d,  g) . The groups under TC exhibited significantly higher crack percentage in resin compared to the group without TC, while there was no significant difference in dentin crack (Fig. 2c, d) .
As for nanoindentation results, in a trend similar to that of crack, TC significantly affect the hardness of dentin, hybrid and flowable composite ( Fig. 2e, f) . SEM observation indicated the morphological difference at resin between the groups with and without TC by the presence of voids dispersed at the matrix surface ( Fig. 4) .
DISCUSSIONS
The present work has utilized OCT to detect and evaluate quantitatively the fracture at the interface in the non-invasive manner. This well-established low-coherence interferometric technique produces high resolution, cross-sectional tomographic images of internal structures based on backscattered signal 15) . OCT has various applications in dental researches such as diagnosis of dental caries 16) , the microgap at tooth restoration 17) , enamel crack behavior 12) . This technique also facilitates time-resolved fatigue study of dental composites to follow the fracture process from the initial failure to propagation and final fracture 18) . A previous study reported dentin crack formation after MTBS test 14) ; in the current work, the resin composite cracks were observed with high frequency in the experimental groups under thermal stresses. These defects were manifested as bright lines and cluster in various lengths under OCT. The light passes through a media, it is scattered and attenuated with depth. The difference in refractive indices of substrate (dentin and composite in the range of 1.5-1.6) and fluid-filled crack space (1.33) 19) results in the increase in the signal intensity profile of backscatter signal due to the light refraction at the border at the defect, which appears as bright cluster in gray-scale image. For the analysis, it was not practicable to utilize OCT signal intensity level based on a constant threshold due to the discrepancy of light transmittance in composite depending on the composition and distribution of filler in matrix. Automated signal analysis algorithm was suggested to be the method to detect the increased signal intensity at interface 20, 21) . Accordingly, the current study adopted this methodology for quantification of crack at interface.
Despite its insignificant effect on MTBS values, TC increased crack occurrence in resin composite in this study. This finding corroborated with the decrease in mechanical properties of the composite after TC (Fig.  2c-f ). Such decline in composite mechanical properties has been attributed to the degradation of resinfiller interface 22) . Hydrolysis causes microstructural alteration in polymer network where oligomers and monomers are lost 23) . When exposed to moisture and heat, some of the silanized filler-matrix bonds might be exacerbated by hydrolytic degradation 24) . SEM micrograph of the composite substantiated the loss of integrity at these locations which appeared as voids (Fig. 4b) . Another detriment is that the plasticized surrounding matrix can reduce the hoop stresses around the fillers and expedite filler particles pull-out. This break down of silane bond between resin and filler thus irreversibly decreases the tensile strength of the composite and the flexure of the restoration, and serve as crack initiation sites under load and facilitate crack propagation, leading to the bulk fracture 8) . Besides microfracture at interface, water absorption in resin matrix also induces superficial stress under hightemperature gradient variation close to the surface 9) . Therefore, the visible trend of decrease in hardness in two types of resin was observed after TC (Fig. 2f ). Furthermore, crack initiation from the surface of composite suggested changes of composite adjacent to the bonded dentin, which is a permeable and wet substrate. The in-depth pattern of crack propagation into the composite after TC suggests a discrepancy in properties of the composite away from the surface (Fig. 3e, f) .
Moreover, increased albeit insignificantly percentage of dentin crack was in accordance with the declining hardness in thermocycled specimens (Fig. 2c, e ). Indeed, the heat speeds up the hydrolysis of collagen fiber, weakening the dentin 25) . Due to the anisotropic fracture toughness of dentin, the fracture behavior is governed by both hyper mineralized peritubular dentin and orientation of collagen fibril the tubules 26) . The interface strength and critical separation of interface are the two key factors that influence the failure mechanism of dentin 27) . Interestingly, the groups restored only by hybrid composite showed higher nominal percentage in dentin crack compared to the flowable lining group, implying a protective effective of this low-viscosity resin.
With low elastic modulus and high wetability, the intermediate layer not only absorbs the shrinkage stress during polymerization of resins in situ, but also the stresses induced by functional loading, improving marginal integrity 28) . In the present study, flowable liner substantiated the MTBS.
This in vitro study was conducted to investigate the effect of thermal load cycling on MTBS. Considering the effect of diffusion-dependent hydrolysis and elusion of TC, aging should proceed with micro-specimen where the small interface is exposed to the changing temperature conditions with minimal thermal protection of surrounding composite and tooth tissue. Subsequently, the most degraded interface is tested, simulating the vulnerable restoration margins in the clinical situations 29) . However, under 10,000 cycles assumed to be corresponding approximately to 1 year of in vivo functioning 6) , no significant difference in bond strength was revealed despite the decrease of hardness in resin. Indeed, the long-term durability of adhesive-dentin bonds mainly depends on the potential of chemical bonding of the functional monomer. The intensive interaction of 10-MDP and hydroxyapatite that results hydrolytically stable calcium salts, rendering the bonding performance to remain steady after 100,000 cycles 30) . The formation of the MPD-calcium salt facilitates the biodegradation resistance at the interface 31) . Moreover, the hydrophobic coating created by the bonding agent of the two-step self-etch adhesive could limit the adhesive layer from being a permeable membrane after polymerization, preventing the phase separation or osmosis-induced droplets 32) . The results of present work were in alignment with earlier studies subjecting the beams to TC fatigue or thermomechanical load 7, 33) .
While fracture patterns are contingent upon the types of applied stresses, clinical factors such as biofilm accumulation, pH oscillations, food uptakes and protective coating materials would also affect the crack behavior. Future model studies should include these factors for a more comprehensive evaluation.
The null hypothesis is partly rejected as flowable lining improved bond strength, while TC decreased hardness and increased crack percentage in composite after MTBS. The presence of defects at the bonded interface caused by thermal stresses suggests the risk of incomplete clinical results in repairing or replacing the fractured composite restorations. Clinicians should consider the possibility of degradation of adhesive materials.
